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Abstract
Climate change is rapidly melting ice and snow worldwide, increasing the production
of meltwater on ice sheets and glaciers. Depending on temperature, porosity, and
saturation conditions, meltwater may move horizontally as runoff, refreeze into ice,
or be stored as a liquid within the snow. When water is stored in the snow for
multiple years, it is considered a perennial firn aquifer. These aquifers have received
recent attention due to their potential to act as a buffer against sea level rise. Though
it is still unclear if this connection truly exists, these features remain of interest to
scientists trying to understand the dynamics of ice sheets and glaciers. This paper
employs a MATLAB model from Meyer and Hewitt (2017) to examine the impact of
future conditions on the temperature of the firn and the presence of perennial firn
aquifers. The main conditions that determine the presence or absence of firn aquifers
are accumulation rate and surface energy forcing, so this paper uses the model to test a
wide range of both of these variables. The values tested were based on plausible future
projections, making the plot a roadmap for the impacts of climate change. Increasing
radiation is shown to reduce firn aquifer formation, but if accumulation rate also
increases, this could counteract that effect. This paper then examines the impact of
surface porosity on firn aquifer formation, determining that porosity does not have a
large impact due to small future changes predicted and only minor differences between
plots. Lastly, Meyer and Hewitt’s model outputs are compared with data collected
by Miller et al., validating the model as a close approximation of real data. There
ii

were some small differences between plots, most notably in the transition between
winter and summer. Therefore, in the future, the model should be modified to better
match the sharp transition that occurs in Miller et al.’s data.
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Background
Seasonal snowpacks are vital to the survival of people, the continuation of cultural
traditions, and the preservation of entire ecosystems. As a result, modeling of snow
evolution is essential, whether it is to determine the longevity of a glacial water
source for a town, to predict and avoid avalanches in backcountry recreation [1], or to
study the interrelationships between plants, animals, and snowpacks in colder regions.
Additionally, although there is natural variation in snow levels from year to year,
the warming of our climate, especially in the poles through arctic amplification, has
drastically changed these snowpacks [10]. For as long as we have been using satellites
to examine ice sheet extent, surface melt has been growing and spatial coverage in
the summer has been shrinking, which will threaten the survival of these ice sheets in
the future [8]. This is where modeling becomes even more impactful, as we work to
understand what different future climate scenarios will do to ice and snow worldwide.
Due to the many relationships that snowpacks have with the environment around
them, predicting future changes to snowpacks, glaciers, and ice sheets with modeling
can be extremely complex.
As surface melt increases, the fate of meltwater is of increasing importance to the
future of the ice and snow worldwide. Glaciers and ice sheets are composed of firn,
which is year-old snow at an intermediate stage between new snow and ice. This firn
has been compacted more than accumulation at the surface, but still has much open
pore space. When meltwater is produced at the firn’s surface, the pore space within
1

the firn provides a place for meltwater to either advect downwards or be stored in the
firn [15]. If the firn is below the melting temperature, this meltwater will refreeze and
be stored as ice. However, if the firn is at the melting temperature, this meltwater
will be stored in its liquid state (see Figure 1a). When water is stored in the firn as a
liquid for multiple years, this is considered a perennial firn aquifer [15]. Many papers
have demonstrated that aquifers occur in a wide variety of locations by using field
measurements, satellite imagery and model calculations [6, 15, 12, 16, 7]. Aquifers
have been found to largely occur in places with high accumulation rates and high melt
rates [6]. The higher melt rate allows more water to percolate down and be stored in
the firn [6]. The high accumulation rate provides more meltwater to move through the
firn while also sheltering water in the firn’s pore space from the cold surface conditions
in the winter, allowing the water to persist in its liquid form throughout the coldest
months of the year [6, 17]. Water that is not sheltered enough from below freezing
surface conditions will refreeze in the firn. When this water freezes, it releases latent
heat, which can generate a pulse of melting in the nearby firn [15]. This melting
wave is short-lived, however, due to the continued infiltration of cold temperatures
from the surface [15]. Although high accumulation and melt rate are not the only
factors that determine whether a perennial firn aquifer will exist or not exist, they are
factors that must be present and are useful in modeling of future scenarios to examine
climate change’s impact on the presence of perennial firn aquifers [17]. Additionally,
models show that high accumulation rates only produce a perennial firn aquifer up
to a certain point, and after that point, the accumulation actually produces less
perennial water [17]. When accumulation gets too high, all of the water in the firn is
refrozen because the cold temperatures from winter accumulation overpower any heat
entering the system with meltwater [17]. Although situations like this may take over
a year to refreeze the meltwater, they are considered pseudoperennial, not perennial,
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Figure 1: Schematic from a paper by Meyer and Hewitt (2017), showing (a) the
percolation of meltwater through an accumulation area with open pore space, and
(b) the runoff of meltwater when there is no open pore space.
firn aquifers because they will eventually fully refreeze with time [17].
In the firn, meltwater is transported vertically until it refreezes or runs off horizontally until it reaches a crevasse that connects the glacier surface to the bed [2].
Friction at the base of a glacier or ice sheet is governed by the effective pressure, which
is calculated as the force from the weight of the snow and ice above the base minus
the water pressure at the base [21]. Some authors argue that when meltwater reaches
the bed, it increases the basal water pressure, causing the glacier to slide more quickly
towards low elevations in a process called basal slip [4]. In contrast, Schoof argues
that for steady state conditions, an increase in meltwater is unlikely to cause much
glacial sliding because changes in meltwater supply also alter channel formation [21].
The channel formation counteracts the increased water pressure at the base, thereby
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increasing the effective pressure and reducing slipping [21]. However, real scenarios
are often not in steady state, so short spikes in meltwater production could produce
a brief but rapid increase in basal slip [21]. Climate change is not predicted to have a
large impact on the average accumulation, but it is predicted to drastically increase
the number of extreme weather events, so these rapid basal slipping events may be
more common in the future [19]. Additionally, the flow of meltwater into crevasses
has been shown to contribute to ice shelf breakup by hydraulic fracture [2]. Fracture
can cause large sections of these ice sheets to collapse into the water. Although ocean
water at the poles is often close to the melting point, it is warm enough to slowly
turn the ice and snow into a liquid. Each degree Celsius above freezing that the
ocean water is at rapidly increases the melt rate of the ice and snow within it [20].
Therefore, future increases in meltwater and ocean temperature have the potential to
cause drastic changes to the structure of ice sheets and glaciers in the ways described
above.
Due to elevated levels of surface melt in the Arctic, much of the discussion on
glacier and ice sheets has revolved around how melting will impact sea level rise. Some
authors posit that firn can act as a buffer to sea level rise by storing surface melt in
perennial firn aquifers. The Greenland ice sheet is a prime location for studying ice
sheet dynamics, perennial firn aquifers, and runoff storage due to its large extent and
therefore large potential impact on sea level rise, climate dynamics, and meltwater
storage. However, Greenland is not the only location that is impacted by climate
change and polar amplification. Many other ice sheets and glaciers have seen an
increase in meltwater production and have firn aquifers that may be influenced by
this meltwater, including other Arctic locations and Antarctic ice shelves [13]. Some
authors have ventured out of the Arctic to examine mountain glaciers such as the
South Cascade Glacier in Washington state, USA [7]. Fountain et al. found that
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mountain glaciers experience very similar melting and meltwater storage processes
to those in the Arctic and are undergoing similar changes due to climate change
[7]. However, there is some disagreement among scholars on how long meltwater can
be stored within a perennial firn aquifer, in addition to the amount of water that
this mechanism can store. An example of the variability in estimations of meltwater
storage in firn is in the paper “Greenland ice-sheet contribution to sea-level rise
buffered by meltwater storage in firn”. In this article, Harper et al. [8] worked to
quantify the ability of the Greenland ice sheet to store meltwater for extended periods
of time, and by employing different models, the authors generated widely different
estimates of the fill-in time of the ice sheet. Fill-in time is of significance because it
occurs when runoff completely fills all open pore space in the firn [8]. After the date
of complete fill-in, all runoff will move laterally directly into the ocean, negating the
potential buffering effect of the firn [8]. Once the firn has been completely saturated,
regaining the pore space will take a long time, so it is important to know when this
will occur [8]. With the most extreme conditions, Harper et al. estimate the fill in
time to be 15 years, while with the most mild conditions, they estimate around 3
decades [8]. These two values could have widely different implications for the impact
of meltwater storage on sea level rise. The large range in predictions are from a single
paper, so with more literature comes an even wider range of estimations of the storage
capacity of ice sheets, ice shelves, and glaciers worldwide.
In addition to the difference in storage time predictions, there are a wide range
of estimates of the amount of meltwater that can be stored, reported using a wide
range of units. With their calculation of fill-in time, Harper et al. estimate 322-1289
Gigatons (Gt) of storage in the Greenland ice sheet [8]. Forster et al. posit that
there are 70,000 km2 of aquifer area in the Greenland ice sheet, but this value is
in area, not weight, and therefore is difficult to compare to the previous estimate
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[6]. Koenig et al. use measurements in a single firn aquifer in Greenland and then
extend these out to estimate the potential storage capacity in the entire Greenland
ice sheet, estimating the presence of 140 Gt of meltwater storage capacity in the
entire ice sheet [12]. These authors then convert this value into an amount of sea
level rise, estimating that if all of the water currently stored was discharged, it would
cause 0.4mm of sea level rise globally [12]. This represents the large volume of water
that is stored, though it is extremely unlikely that this water will all be suddenly
discharged from the firn. Miége et al. use radar data to estimate 21,900 km2 of firn
aquifers in Greenland, though this is an estimate for the amount of current area that
is dominated by firn aquifers—not how much the Greenland ice sheet could hold [16].
Lastly, Chu et al. estimate a total storage potential of Greenland as 2.2 +/- 1.5 Gt of
water storage in the Helheim aquifer [3]. Although this is a much smaller value than
other estimates, this is for only a portion of the Greenland ice sheet and the authors
claim that due to their detailed measurements of aquifer thickness, their estimates are
more accurate [3]. The values listed above are only a small fraction of the literature
on the subject, but clearly no consensus has been reached about the volume of water
that the Greenland ice sheet can hold, much less how much water all ice sheets and
glaciers could hold.
As described above, perennial firn aquifers play important roles in meltwater storage, though there is debate among the scientific community on how much these features can actually act as a buffer against climate change. A recent paper titled
“Hydrology of a Perennial Firn Aquifer in Southeast Greenland: An overview driven
by field data” questioned the previous belief that perennial firn aquifers store water
in the firn for long periods of time, making these features a buffer against sea level
rise [15]. Miller et al. argue that the residence times within perennial firn aquifers
are actually much shorter than originally thought [15]. To determine residence time
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of water in a perennial firn aquifer, the authors used two different modeling techniques in combination with ice core extraction to measure concentrations of various
isotopes in the firn [15]. Through these methods, her team measured residence times
for meltwater within a perennial firn aquifer to be about 6.5 years, which is much
shorter than was previously believed and is not as relevant on the time scale of sea
level rise [15]. Additionally, Miller et al. employed fluorescein dye timing to time
the movement of meltwater through unsaturated snow and discovered that the dye
moved from the surface to the aquifer before her team could even drill down to the
aquifer, indicating that surface meltwater reaches the perennial firn aquifer in less
than 2 days, which is much faster than originally predicted [15]. Miller et al. argue
that due to how quickly the meltwater reaches the aquifer and its short residence
time in the aquifer, the presence of perennial firn aquifers does not mean that water
is stored in the firn long term [15]. Though the authors still believe that perennial
firn aquifers are important to study, they argue that these features will play no part
in protection against sea level rise [15].
As the impacts of climate change are becoming more apparent, researchers have
begun to shift from finding the locations of perennial firn aquifers to examining what
will happen to these features in the future. Current efforts worldwide are focused
on reaching net zero emissions of greenhouse gases, but future efforts may have to
extend beyond this to remove current greenhouse gases from the atmosphere through
carbon capture or similar processes. However, Kuipers Munneke et al. found that wet
firn, which is what will become the new norm due to increased warming and melting
of ice, responds much quicker to warming than cooling [18]. This occurs because
meltwater percolation into the firn can quickly transport heat from the surface down
into the snow, but there is no equivalent of this process by which to cool the firn [18].
Warming also causes increased densification, especially in wet firn, which decreases
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pore space and reduces the amount of water that the firn can hold in perennial firn
aquifers [18]. Combining these two mechanisms reveals that even if we are able to
stop or reverse our impacts on the global climate, it will take much longer to return
these systems to a cooled state, thereby providing an extremely real threat to the
survival of all ice, firn, and glacier systems.

8

Introduction to Meyer and
Hewitt’s Code
Professor Colin Meyer of Dartmouth College wrote a numerical simulation in MATLAB in conjunction with Professor Ian Hewitt of the University of Oxford to model
meltwater percolation through firn [14]. This model was developed to better understand the processes that cause meltwater movement in firn and to determine what
factors are most influential in this movement. The model uses a few main principles
to guide the calculations including: conservation of water, ice, and air, movement of
the water through snow with Darcy’s law, compaction of the firn, heat conduction
through the firn, and refreezing of meltwater, where applicable. Boundary conditions
are applied at the top and bottom of the firn. The equations described above are
combined with enthalpy equations, using the enthalpy method to avoid tracking the
phase changes between ice and water. The total water, W , is defined as a combination
of the liquid and solid portions of the firn. Many previous firn models are based on
the “tipping bucket” hydrology scheme, where meltwater from the surface percolates
downwards into the next layer of firn once the current layer has become completely
saturated. Rather than this bucket-filling approach, Meyer and Hewitt’s paper uses
a continuum model. In contrast to the bucket-filling approach, this continuum model
follows the entire process rather than looking at discrete “buckets” of meltwater. This
is a common approach in fluid mechanics and creates a more holistic understanding of
9

the movement of meltwater, rather than just its impact at each layer of firn. Though
there are many equations utilized to generate this complex continuum model, some
of the major equations and concepts are discussed below:
Meyer and Hewitt’s model is forced by three major elements: liquid precipitation,
snow accumulation, and surface energy thermal forcing. The surface energy forcing,
Q(t), is a combination of radiative, turbulent, and sensible heat fluxes at the surface
of the firn. Based on the model inputs, a distribution of enthalpy and temperature
with depth is calculated, using the equations:
Enthalpy: H = ρcp W(T − Tm ) + ρLSφ
Temperature: In regions with water, T = Tm . Otherwise,
+ ρi cp (1 − φ)ui · ∇T = ∇ · (K̄∇T ) − Lm
ρi cp (1 − φ) ∂T
∂t
Accumulation is a combination of both liquid and snow precipitation and is measured in meters of water equivalent (mwe). This is a common technique used in the
scientific community to compare accumulation across different locations and weather
conditions, since changes in porosity affect how much liquid is available in the same
height of snowpack. To find this value, scientists simply melt down a specific volume
of snow into a liquid, producing the meters of water equivalent. Snow depth with
a known porosity value can be converted from meters of depth to meters of water
equivalent (mwe) using the equation:
mwe = d(1 − φ0 ) ρρwi
where d is the snow depth in meters, φ0 is the surface porosity, and ρi and ρw are the
densities of ice and water. This equation simply takes the amount of ice present in
the snowpack and then converts this amount into a water equivalent. For example,
assuming an intermediate porosity of 0.64, which is the value employed in Meyer and
Hewitt’s model, 1 meter of snow would be equivalent to about 0.33 mwe. Meyer and
10

Hewitt’s code uses this information to generate the accumulation rate value with the
equation:
Accumulation Rate = x(1 − φ0 )
where x is a prefactor value that is equivalent to the snow depth divided by ` = 20.6,
to nondimensionalize the value. When this accumulation rate value in the code is
multiplied by ρi /ρw = 917/1000, it converts the accumulation input from meters of
ice equivalent to meters of water equivalent.
If the surface energy forcing causes some of the accumulation to turn into meltwater, Darcy’s law describes the movement of this liquid through the firn. The law was
developed to describe the flow of water through sediments, but it has been applied
to meltwater percolation through firn in many models and papers [14]. According to
Darcy’s law, the rate of liquid flow is driven by the pressure gradient between two
locations and modulated by the viscosity of the fluid and the permeability of the
medium and is given by the equation:
φS(uw − ui ) =

−k(φ)
kr (S)(∇pw
µ

+ ρw gẑ)

Two other equations of importance to the percolation element of Meyer and Hewitt’s
model are the Carman-Kozeny relationship and the capillary pressure. The CarmanKozeny relationship is used to describe the permeability of firn based on its grain size
(dp ) and porosity (φ), with the equation:
k(φ) =

d2p 3
φ
180

= k0 φ3

The capillary pressure describes the flow of meltwater in partially saturated firn, since
capillary forces are the driver of movement in this case [14]. The equation used to
describe this relationship is:
pc (S) =
11

γ −α
S
dp

where γ is the surface tension, S is the saturation of the firn, and α is an exponent
chosen with relation to the relative permeability of the firn.
One complexity that must be dealt with when modeling firn is that many of
the principles guiding meltwater percolation through firn influence and build on one
another. Both compaction and refreezing change the density and porosity of the
snowpack, thereby altering the flow of water that can move through the firn. To deal
with this, Meyer and Hewitt begin by employing a dry parametrization of firn, which
assumes that the firn contains no meltwater. Although not completely accurate, this
dry parametrization is the most complete theory that can be applied to the situation.
Dry parametrization of firn models compaction using the equation:
∂φ
∂t

+ ui · ∇φ = −C,

where φ represents the firn porosity, ui represents the ice velocity, and C is a value for
the rate of dry compaction. However, this equation replicates only the compaction
of firn due to the weight of accumulation on top of it. To include the impact of
meltwater on firn compaction, Meyer and Hewitt’s density and compaction calculations also included refreezing rates. When including refreezing rates, the equation for
compaction becomes:
∂φ
∂t

+ ui · ∇φ =

m
ρi

− cφ

where the compaction coefficient, c, depends on accumulation, porosity, and the absolute temperature. This equation can be combined with the conservation of mass
equations to produce the equation:
i
(1 − φ) ∂w
= −cφ
∂z

where

∂wi
∂z

is the ice velocity in the z direction, which is down the firn column in the

model.
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Boundary conditions also are very important in the design of this model because
the conditions at the surface have large impacts on the entire firn column as meltwater percolates downward. The boundary conditions for density at the surface are
impacted by melting, accumulation, rainfall, and runoff. The energy balance influences the temperature at the surface, as well as how much melting occurs if the
atmospheric temperature is at or above the melting point. These surface conditions
are combined with the temperature equation above to form the equation:
= −Q + h(T − Tm ) + ρw Lm
ρi cp (1 − φ)(wi − żs )(T − Tm ) − K̄ ∂T
∂z
Another important boundary is at the bottom of the model domain. At this
location, heat flux and pressure gradients are assumed to be zero, replicating the
behavior at the bottom of an ice sheet.
The three potential outcomes for water moving through the model are: refreezing,
runoff, or percolating through the firn and being stored as liquid water in a perennial
firn aquifer. Refreezing occurs when the water is in a location in the firn where the
temperature is below the freezing point. Runoff occurs if the snow column is entirely
saturated, with no remaining open pore space, so the meltwater produced on the
surface of the firn must move laterally, often to the ocean (as shown in Figure 1b).
Lastly, the water percolates down and is stored as liquid if the conditions to produce
a perennial firn aquifer described above are met, most notably high accumulation
and high surface temperature, allowing the firn column to remain at the melting
temperature year-round (as shown in Figure 1a).
Meyer and Hewitt’s model divides up the firn column into a vector of 100 cells.
Variables are evaluated at cell centers and derivatives, such as fluxes, are evaluated
halfway between two adjacent cell centers, which occurs at the cell edges. The values
of both variables and their derivatives are impacted by the variables from the previous
timestep. Each cell is determined to be fully or partially saturated. As the meltwater
13

percolates down from the surface, if it reaches a fully saturated cell, it will runoff
sideways, since there is no pore space for the meltwater to move into. However, if the
meltwater reaches a partially saturated cell, it will move down through the partially
saturated cell and then check to see if the following cell is saturated and will respond
accordingly. As explained above, the temperature of the model’s cell dictates whether
the meltwater moving through stays in liquid form or if it refreezes into ice. If the
cell is at the melting temperature, water will stay in liquid form and try to percolate
down to the next cell. However, if the cell’s temperature is below freezing, the water
refreezes, closing off the cell’s pore space.
Time is also an important element of Meyer and Hewitt’s code because although
the model can be run for any number of years, the amount of time that the code is
run vastly alters the outputs. To generate accurate outputs for the 20m thickness of
the domain, the model must be run for long enough so that outputs for all depths can
be generated from input values. Depending on the porosity of the input accumulation, this will take around 10 years to occur in the model. However, the compaction
rate takes an even longer time to generate accurate values for the entire firn column
because the compaction velocity rate is slower than the rate of accumulation. Therefore, in order to generate outputs that match real data, Meyer and Hewitt ran their
model for around 100 years before analyzing the output. This value of 100 years is
an overestimate to ensure that the model relaxes to a dynamic steady state before
outputs are plotted. For each of Meyer and Hewitt’s figures, after the code was run
for 100 years, it was run for another two years with the outputs of the end of 100
years as the inputs for the final two years and the results are plotted if there is a time
element to the graph. If there is no time element, the results of the final two years are
averaged to account for seasonal variations and slight changes between years before
plotting that as a single point on the graph.
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Figure 2: Meyer and Hewitt (2017)’s plots of the effect of different climatic forcing
inputs on porosity, saturation, and temperature over time.
The outputs of Meyer and Hewitt’s model are found at each cell and they include:
enthalpy, porosity, saturation, water, temperature, pressure, and water saturation
flux. Together, these outputs provide a complete characterization of the system and
the range of potential outputs that it could encounter. Some of these variables are
plotted by Meyer and Hewitt as a function of depth and time in Figure 2 [14]. In this
thesis, I focus on the temperature element, since this value indicates if it is possible
for a perennial firn aquifer to form in the firn.
There are a number of limitations to Meyer and Hewitt’s model, as there are
with all numerical simulations that attempt to simulate complex natural relations.
One limitation of the model is the fact that there is no lateral movement, since the
model only replicates a single column of firn. Additionally, the model relies largely
on Darcy’s law to describe the motion of meltwater through the firn. Although some
papers have utilized this law to describe the movement of meltwater through firn,
others have employed a variety of theories of meltwater movement, and compared the
15

results with different theories, providing a more complete estimate of this meltwater
movement. Though these limitations are important to note, in this thesis, I found
that the model seems to be able to estimate temperatures throughout the firn quite
well.
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Methods
Using the model outlined above from Meyer and Hewitt (2017), my research worked
to answer a few key questions:
(a) What is the impact of different accumulation levels and climate forcings on the
model’s firn temperature outputs?
(b) How do these different inputs affect the formation of perennial firn aquifers in
the firn?
(c) What is the impact of snow porosity on the formation of perennial firn aquifers?
(d) How well do the results of the model match data collected by Miller et al.?
I first began my investigation by working with the existing model to generate
a plot that shows, for a variety of different surface energy forcing inputs (Q) and
accumulation rates (A), the temperature that the firn will be. The purpose of this
experiment is to determine what the impacts of climate change and increasing radiation at Earth’s surface will be on the temperature of the firn. However, as the climate
warms, accumulation is also drastically changing, increasing in some locations worldwide and decreasing in others [11]. Therefore, these two variables must both be varied
across a wide range of values in order to encompass all of the potential outcomes that
could occur as a result of global warming. Additionally, the temperature output from
the model indicates whether or not a perennial firn aquifer can be present within the
17

firn. When the firn reaches the melting point of 0°C, any water that percolates down
from the surface can persist in the liquid form. If the snow remains at the melting
point throughout the entire year, then the stored meltwater is considered a perennial
firn aquifer. Therefore, by running these tests for a variety of surface energy forcings
and accumulation rates and examining the output temperatures of the firn, the likelihood of perennial firn aquifers existing can be determined for a variety of potential
climate outcomes.
Meyer and Hewitt created plots of the temperature outputs over a span of 2 years
(after 100 years to stabilize outputs) for a single surface energy flux and accumulation
value (see Figure 2). Although Meyer and Hewitt’s figures are useful, they only show
the results for a few combinations of potential input values. Therefore, it is important
to extrapolate these results to see what will happen with a wide variety of inputs.
In my investigation, I chose 50 surface energy forcing inputs (Q0 /Q) evenly spaced
between -2 and 0. These values were chosen by utilizing Sorteberg et al.’s value of
220.4 W/m2 as an average across the Arctic [22]. By combining this value with Meyer
and Hewitt’s Q0 value of 200 W/m2 , I found that currently, we are at Q0 /Q = −.907.
I used this as an intermediate value since it is the average value in the Arctic and
then chose -2 and 0 to be above and below, with a wider range above and below than
future changes estimated by Sorteberg et al. [22]. I chose to overestimate the range
of potential surface energy flux inputs to ensure that the plots are able to capture any
potential future values. Additionally, I chose 18 accumulation inputs between x = 0.05
and x=0.475. These limits are equivalent to about 0.34 and 3.23 mwe, respectively,
based on Meyer and Hewitt’s equation to convert the prefactor ”x” value to meters
of water equivalent. The values I chose are reinforced by an article by Koenig et
al., which plots accumulation on the Greenland ice sheet, revealing that it varies by
location, ranging from 0.2 to 2.7 mwe per year [11]. Through experimentation, I
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discovered that the output plots only contained firn aquifers for accumulation rates
of 0.68 mwe/yr and higher, so I chose to include a few values lower than this and
then to exclude other accumulation values that are too small to produce an aquifer.
Additionally, I chose to overestimate the maximum accumulation value to ensure that
I replicated all potential inputs in my plot.
Once I had chosen the inputs, I created a function in MATLAB to run Meyer
and Hewitt’s code for different accumulation rates and surface temperature forcings.
The function ran through a range of surface energy forcings for a set porosity and
set accumulation rate. This generated a vector of output temperature variables at
each of the cell centers for the entire depth domain of 20m. With each new surface
energy forcing input, the input variables of water and enthalpy would reset. Each
time, the input water variable was set to the density, (1 − φ0 ) and the enthalpy was
set to Hin = Win ∗ Qin , indicating that it is the combination of the heat from the
surface energy forcing and the amount of water available to carry heat. As explained
in the section introducing the model, enthalpy of the entire system is expressed as:
H = ρcp W(T − Tm ) + ρLSφ, but for the input, there is no latent heat, so all enthalpy
comes from the surface temperature and water, causing the equation to be simplified
to Hin = Win ∗ Qin .
Within the MATLAB function, I ran the model for 100 years to stabilize outputs
before running the code for two years to generate the matrix of output values. Since
I chose to plot accumulation vs surface energy forcing, I lost both the depth and
time elements that were present in Meyer and Hewitt’s plots. To deal with the loss of
depth, I chose to use only the bottom value of the hypothetical column of firn because
this is where firn aquifers are most likely to occur. Perennial firn aquifers occur at the
bottom of an ice sheet or glacier because this is the location that is most sheltered
from cold atmospheric temperatures. Therefore, I simply extracted the final value
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of each column of the matrix to use as the temperature value in my plot. Though
this does not reveal if there is an aquifer higher in the firn, it will likely show the
majority of the aquifers that would occur. To deal with the loss of time in the plot, I
averaged the bottom temperature values for the final 2 years to get the average value,
accounting for seasonality and potential outlier years.
To generate the full range of potential inputs, I then ran this same code for
different accumulation inputs. Each time, I simply inputted a new prefactor (x) in
the equation,
AccumulationRate = x · (1 − φ0 ),
in Meyer and Hewitt’s code as described above, and ran the model again. Together,
this generated a full matrix of the temperatures at the bottom of the firn for a variety
of both accumulation and surface energy forcing inputs.
Next, I investigated how different porosity values of the accumulation at the firn’s
surface (φ0 ) impact the presence or absence of perennial firn aquifers under the same
surface energy and accumulation conditions. I ran the same function detailed above
for surface porosity values of 0.3, 0.5, 0.7, and 0.8. These porosity values were chosen
to be both above and below the initial value of 0.64 chosen by Meyer and Hewitt. I
also verified these values in the literature with an article by Fausto et al., which used
on-ice measurements to determine that the mean density value for the surface of the
Greenland ice sheet is 315 kg/m3 , with a standard deviation of +/- 44 kg/m3 [5].
This is equivalent to a range of porosities from 0.6 to 0.705, with a mean of 0.657.
The most extreme values that I tested are far above and below these values, which is
important because it ensures that the plots are able to replicate the furthest extremes
that could occur.
To run through the different inputs more succinctly, I created two for loops in
MATLAB: one for accumulation values and one for surface energy forcings, causing
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the code to run through all input combinations. Each time I ran the code, I inputted
each one of the four new porosity values. These porosity values are a measure of
the relative pore space of the snow at the surface of the modeled firn column. This
is important to investigate because it is a value that may change as climate change
influences not only the amount of precipitation, but also the type of precipitation. I
created an individual plot for each of the porosity values to determine the impact of
porosity on the temperature of the firn.
To answer the final question and determine how applicable the results of Meyer and
Hewitt’s model are, I used data collected by Miller et al. (2020) from the southeast
region of the Greenland ice sheet to create the same space-time plots as Meyer and
Hewitt’s model. Miller et al. collected data at various locations across the ice sheet,
but collected temperature data at only three locations: Site FA15 1, Site FA15 2, and
Site FA13 [15]. To collect temperature data at various depths in the firn, Miller et al.
inserted a string of temperature sensors into a borehole at each site [15]. These sensors
collected temperature data at each of the 50 nodes every 2 hours for 2 years [15]. Over
time, the depth of the top of the temperature string at the firn’s surface in all sites
changed. The researchers recorded this new depth, as well as the corresponding depth
of each of the other nodes, 3-4 times over the course of the 2 year time span [15]. In
order to deal with this change in depth, I interpolated between the depths measured
before and after a given date using the equation: dt = d1 +(d2 −d1 )·∆t. Additionally,
I excluded all temperature sensor nodes that had any negative depth values (above
the firn surface), since these would not accurately depict the temperature within the
firn. Due to this change in depth and missing data for some sites, I chose to focus my
exploration on site FA15 2 of the data from Miller et al., since this provided the most
complete dataset. In the data for site FA15 2, once negative values were excluded,
there was only one initial and final depth, so all other values were an interpolation
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between these two. However, the same process could also be extended to larger depth
datasets. The interpolation equation that I used assumes a linear decrease or increase
in depth because it is the simplest way to find intermediate values. Although this
may not be the exact process of how the change in depth occurred over time, none
of the depth changes had a large impact and no other depth data was provided, so
this was the most simple and accurate way to deal with the change in depth. Once I
had the Miller et al. depth data for site 15 2, I extracted the temperature data for
this site from Miller et al.’s data and plotted temperature as a function of depth and
time.
Next, I modified the model inputs to make its temperature outputs match the
data collected by Miller et al. Since I was unable to obtain site-specific density and
saturation data, I instead generated a best estimate of what these profiles would look
like in a perennial firn aquifer, such as the one which Miller et al. concluded to occur
at site FA15 2 [15]. For the porosity, shown in the blue line in Figure 3, I used an
exponential to simulate the compaction of dry firn at depth. At the surface, I chose
the firn porosity to be 0.64, the value used by Meyer and Hewitt in their initial code.
At the bottom of the firn, I chose the porosity to be 0.001 as a value close to zero,
since the firn will be extremely compacted at the base. Between those two values, I
made a simple exponential in the form y = axb . For the saturation, I examined the
spacetime plot I created of Miller et al.’s data and tried to replicate the results. I
chose the saturation at the surface to be zero because at the surface, there is only
new accumulation and water hasn’t yet collected in the firn. I then set the saturation
within the firn aquifer (10m to 50m) equal to one because it is fully saturated with
water. I set all other depths in the firn to have a saturation of 0.1 as a low but middle
value. This is shown in the red line in Figure 3. Lastly, I extracted the first column
of temperature values from Miller et al.’s data and interpolated between values using

22

Figure 3: Plot of porosity, saturation, and temperature input variables generated for
Meyer and Hewitt’s code to match Miller et al. data.
the equation:
Tupper −Tlower
dupper −dlower

=

Tupper −T
.
dupper −d

This equation allowed me to find any temperature value, T, at a given depth, d. This
results in the yellow line in Figure 3.
These inputs are then combined in the two equations listed below to generate
values for W, the amount of water in the firn, and H, the enthalpy of the firn. These
two values are the actual inputs that are used as inputs for Meyer and Hewitt’s model.
W = 1 − φ + φS
H = Wθ + SφS
In these equations, φ and S were found in the process described above and θ is
equivalent to

T −Tm
,
∆T

where ∆T =

Q0
,
h

Q0 = 200W/m2 , and h = 14.8W m−2 K −1 . The

water and enthalpy values are shown in Figure 4 for depths 0-60m. The last step
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Figure 4: Plot of enthalpy and water input variables generated for Meyer and Hewitt’s
code to match Miller et al. data.
was to adjust the Q value through trial and error to determine the surface energy
forcing value that is closest to the radiation experienced at the Miller et al. site. By
altering the Q to the extremes of 0 and -2, the length of time that cold temperatures
penetrated into the firn varied widely, but the temperature of the cold infiltration did
not change. Therefore, I also added a prefactor to the surface energy forcing function
to alter the infiltrating temperature, creating the equation:
E(τ ) = pref actor(Q − cos(2πτ ))
I chose the Q value of -0.5 because this produced a similar time of cold infiltration as
in the Miller et al. data and a prefactor of 0.4 to change the temperature outputs to
better match those of the Miller et al. data.
After generating the modified inputs for the model, I then ran the model for two
years to replicate the two year data collection done by Miller et al. Since the input
values were for the entire length of a firn column and compaction was accounted
for with the porosity inputs, the model did not need to be run for 100 years prior
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to the two years. Once the model was run for two years, it produced an analogous
space-time plot to the one generated above with the Miller et al. data.
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Results
A plot of firn temperature at 20 m depth as a function of both accumulation rate
and surface energy forcing is shown in Figure 5. Each point on the figure indicates
the temperature at 20m below the surface of the firn for a specific surface energy
forcing and accumulation rate input. This is useful information on its own, but the
figure also indicates where firn aquifers are likely to be present. In locations where
the temperature is 0°C, the firn and the meltwater inside of it are at the melting
temperature. This meltwater will not refreeze into ice and instead will persist in the
liquid form, forming a perennial firn aquifer. Conversely, anywhere where the snow
is colder than 0℃, the meltwater will not be able to persist in the liquid form and it
will instead refreeze in the firn. Figure 5 reveals that there is a clear surface energy
flux value around -0.9, where there is a sharp transition from -15°C to 0°C. Below this
value, no accumulation values can produce the melting temperature, so no perennial
firn aquifers will form. At around -0.9 surface energy flux, almost all accumulation
values tested will produce a perennial firn aquifer, since the entire column is at the
melting temperature. However, after this value, for medium to low accumulation
values, no aquifer is formed and the firn remains at a temperature of around -5°C.
Starting at -0.9, aquifers form at less and less accumulation values, even though the
incoming energy is increasing. This occurs because perennial firn aquifers need enough
surface meltwater to drain through the firn, but not so much that it refreezes and clogs
up the snow. Once refreezing occurs in the upper layers of the firn, meltwater can
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Figure 5: Plot of surface energy forcing vs accumulation rate, with a surface porosity
input of 0.64. Colors indicate the temperature of the firn at 20m depth.
no longer percolate down far enough to be insulated from cold winter temperatures,
especially at lower accumulation values. This reveals the balance in input values that
must occur for a perennial firn aquifer to form.
To build on the findings of the first figure, I then ran the same function for a variety
of porosity values. Although the change in input porosity (φ0 ) when running the code
did slightly alter the output temperature values, the change was relatively small, as
shown in Figure 6. Only the 0.3 and 0.8 porosity plots showed a marked change in
temperature output. Figure 6a shows that the 0.3 porosity plot contains a bulge in
the area of the graph that is at 0°C. As described above, these 0°C locations are where
perennial firn aquifers can occur. At higher surface energy forcing values and medium
to high accumulation values, perennial firn aquifers are much more likely to occur at
the low porosity value of 0.3. In contrast, as is shown in Figure 6d, the 0.8 porosity
plot produced a much narrower section of the plot at the melting temperature, so
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Figure 6: Plots of surface energy forcing vs accumulation rate with porosity values of
0.3, 0.5, 0.7, and 0.8 for plots a-d.
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firn aquifers are less likely to occur except for within a narrow band of conditions.
This difference between plots is supported by theory, since porosity and density are
inversely related. Lower surface porosity values mean that the accumulation is higher
density. When the same amount of accumulation falls onto the firn’s surface, snow
with a higher density will have a larger meters of water equivalent. With more water
provided at the surface, there will be a greater likelihood of a perennial firn aquifer
to occur. Additionally, the percolation of more meltwater downward will bring heat
into the firn with it, producing warmer temperatures at the bottom of the firn, as
shown in the plots.
However, between the porosity values of 0.5, 0.7, and the original value of 0.64,
there is minimal change in the plots (see Figures 5, 6b, and 6c). There is a slight
difference in these plots for medium to high surface energy values and medium to
high accumulation values, with the plot for 0.7 being slightly narrower and the plot
for 0.5 being slightly larger in this region. However, this difference is extremely small
for these values that are closer to the initial value of 0.64.
Lastly, we examine the plot of Miller et al.’s data as a comparison for the outputs of
Meyer and Hewitt’s model. Figure 7 reveals that during the winter, cold atmospheric
temperatures infiltrate into the firn and cause the first 8m or so of the ice sheet to be
around -5°C . By June of 2016, the cold layer disappears as atmospheric temperatures
warm, bringing the top layers of the firn up to the melting temperature. In both the
winter and summer months, between 10 and 50 meters depth, the firn is at the
melting temperature. Below 50m, it cools slightly to -2°C. This process appears to
repeat seasonally, since the data from the beginning of 2017 closely matches that of
the beginning of 2016. The seasonal cycle is that a cold layer starts in only the first
meter or so and reaches deeper and deeper into the firn until around May, when all
snow is returned to 0°C.
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Figure 7: Miller et al. (2020) data from location FA15 2 plotted as a function of
space, time, and temperature.

Figure 8: Meyer and Hewitt’s model output plot created to match data from site
FA15 2 from Miller et al. (2020)
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After modifying the inputs to Meyer and Hewitt’s model, it is able to closely
replicate the data from Miller et al., as shown in Figures 7 and 8. Both plots exhibit
the seasonality of cold atmospheric temperature infiltration. At its peak, this cold
infiltration goes down to the same depth of between 5 and 10m and the temperature of
infiltration is also extremely similar, with the surface of the firn reaching around -6°C
in the winter. In a single firn column, the cold front in both plots becomes warmer
as it moves into the firn, slowly increasing to a value of -2°C before transitioning to
the melting temperature for the rest of the firn aquifer. However, there are still a
number of differences between the two plots. First, in the model’s plot, the perennial
firn aquifer extends from between 5 and 10m to the bottom depth value of 60m. In
contrast, the firn aquifer in the plot of Miller et al.’s data ends at around 50m in
depth because the firn is at -2°C after that point. Another difference between the
plots is that although the temperatures are quite similar, the model is unable to
perfectly match the data, so some areas of the firn are a bit colder in the model when
compared to Miller et al.’s data. Lastly, the biggest difference between the two plots
is in the transition from winter to summer within the first 10m of the firn. In the plot
of Miller et al.’s data, there is a very sharp transition in about June where the cold
infiltration abruptly stops and almost the entire firn column (up to 50m depth) is at
the melting temperature. However, this is not the case in the model’s plot, where the
temperature at around 5m depth seems to lag slightly behind that at the surface. The
temperature of the firn at 5m remains at around -2°C for some time after the surface
has returned to the melting temperature for the duration of the summer months.
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Discussion
The first plot of surface energy flux vs. accumulation reveals the input conditions that
will most likely create perennial firn aquifers in the firn. By plotting the temperature
at 20m depth, the figure examines what inputs are necessary to produce the warm,
sheltered environment necessary for aquifers to form. As the surface energy flux moves
left to right on Figure 5, the value becomes less and less negative, meaning that the
incoming energy is increasing. When Q is equal to Q0 (at -1 on the plot), the surface
energy is in perfect balance and no melting will occur. To the right of this value,
melting will occur and to the left, no melting will occur. As was referenced earlier,
Soterberg et al. (2007) provide a surface energy flux estimate that corresponds to
Q/Q = −0.907 on the plot. In the future, climate change will increase radiation at the
surface because atmospheric greenhouse gases trap and re-radiate it back to Earth.
Soterberg et al. estimate an increase in surface energy forcing by about 15 W/m2
between 2000 and 2100 [22]. This corresponds to an increase of 0.05 on the x-axis of
Figure 5. However, Soterberg et al. plot this increase in radiation as an exponential,
so after 2100, this value is predicted to increase more rapidly [22]. However, which
direction we will move on the y-axis of Figure 5, indicating how our accumulation
will change in the coming years, is still up for debate. O’Gorman hypothesizes that
overall accumulation will remain about constant as a result of climate change, but
that extreme events will occur much more frequently in the future [19]. However, as
is shown by Koenig et al., accumulation is extremely location-specific, so it is difficult
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to say where we will move on the plot without focusing on a single site [11].
Therefore, in the future, we are likely to move right on Figure 5 due to increasing
surface energy flux. This may cause a decrease in likelihood of perennial firn aquifer
formation since we are currently at -0.907 on average, which is right at the location on
the plot where firn aquifers form for almost all accumulation rates plotted. However,
an increase in accumulation rate could counteract this change and ensure that firn
aquifers continue to be formed. In contrast, if accumulation rate decreases, it could
be detrimental to firn aquifer formation and move the ice sheet into the bottom
right corner of Figure 5, where no aquifers are formed. Therefore, determining future
accumulation rates will be essential to determine how firn aquifer formation will
change as a result of climate change.
To examine the future of firn porosity values, Hodgkins and Dudley show changes
in the porosity of Maine snowpack over time [9]. As the authors show, seasonality
has a clear impact on the density of Maine snow (see the left plot of Figure 9) [9].
Wetter, heavier snow in the spring has a higher density of around 330 kg/m3 , when
compared with the lighter winter snowpack, which has a density of around 190 kg/m3
[9]. Using the equation:
ρsnow = ρice (1 − φ) + ρair φ
I then converted the density values into surface porosity values, as shown in the right
plot of Figure 9. Since porosity is the opposite of density, the porosity decreases
from winter to summer, going from porosities of around 0.79 to values around 0.64.
Therefore, if warming occurs in the future like the seasonal changes shown on the
plot, the porosity would be likely to decrease.
However, the paper by Hodgkins and Dudley also plots Maine snow density as a
function of time, which does not have the same clear trend [9]. There seems to be a
slight upward trend in Figure 10, which shows Maine’s snow density over time between
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Figure 9: Plots of Maine snow density vs season from Hodgkins and Dudley (2006)
(left) and snow porosity vs season (right). The plot of porosity uses data extracted
from Hodgkins and Dudley (2006) to display the porosity values.

Figure 10: Plot of snow density vs year from the years of 1920 to 2004 from Hodgkins
and Dudley (2006), revealing the change in Maine snowpack density over time.
1926 and 2004, but there are many data points both above and below the trendline,
and the trend is not very obvious. Using the same equation as above, I calculated
the 1910 and 2004 values of porosity from their densities shown on the graph. I
found that the average 1910 porosity was 0.711, whereas the average 2004 porosity
was 0.64. However, both of these values are simply averages and there are many
values both above and below these. Due to the wide range of values measured and
the relatively small decrease in porosity over a time frame of almost 100 years, large
changes in porosity, like between the 0.3 and 0.8 plots in my exploration, are unlikely
to occur. With only small changes to the porosity input, such as between the values
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of 0.5 and 0.7, the plot changed very little. Unless a major change occurs, which is
unlikely as explained above, only a few specific surface energy flux and accumulation
combinations will produce a different outcome. If there is slightly denser snow in
the future, only a few combinations of conditions would produce a perennial firn
aquifer where there wasn’t before, and vice versa if snow becomes more porous over
time. Though there has been a slight trend of firn densification over the past 100
years according to Hodgkins and Dudley’s (2006) data, this data is extremely wide
ranging and the trend could reverse in the coming years. This analysis reinforces the
conclusion that porosity of accumulation is less important to the temperature of the
firn and the occurrence of perennial firn aquifers than other input variables.
Finally, for the comparison between Miller et al. data and Meyer and Hewitt’s
model, a few important differences were discussed above. The first difference was
in the extent of the firn aquifer in the output plot. This is likely due to changes
to the firn near the bed of the ice sheet that were not fully replicated in Meyer
and Hewitt’s model. In the future, the model could be modified to improve bed
boundary conditions to make the plots more closely replicate the end of the firn
aquifer at depth. The second difference between the two plots (see Figures 7 and 8)
was in the temperature of the cold infiltration in the winter. Although the model
was able to quite closely replicate the cold infiltration, the temperatures near the
surface are still slightly different. However, in the future, continuing to alter the Q
and prefactor values through trial and error may be able to produce more accurate
temperature outputs. Lastly, the most obvious difference between the two plots was
in the transition between winter and summer. The lack of sharp transition in the
model is likely due to the way that the model determines the permeability of the firn,
since the temperature changes don’t occur as instantaneously in the model as they
do in the data. One way to deal with this issue would be to do what other models
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and papers have done, which is to try to include multiple methods of meltwater
percolation estimation in the model, and then compare the results from these to find
the most effective method. This could potentially be used to see if other methods
are able to better produce the sharp transition between winter and summer that was
shown in Miller et al.’s data. Regardless of these differences however, it is clear that
with the right inputs, the model produces results that are extremely close to the data
that Miller et al. collected on the Greenland ice sheet, indicating that it would be
very useful to estimate locations of firn aquifers now and into the future.
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Limitations
Though the research in this paper improves our understanding of perennial firn aquifer
formation, there are still a number of limitations and areas for future work. First, I
was unable to gain access to the Miller et al. (2020) density data, which required me
to generate my own data for both porosity and saturation. Though this worked quite
well in matching the model outputs to Miller et al. data, the output plot would likely
match the data better if real inputs from data were utilized. Additionally, in making
predictions for the future, I examined many articles, but the predictions varied among
papers and still included much ambiguity. In order to know where we are moving on
the plots generated in this paper, future estimations for porosity, accumulation, and
surface energy forcing must be better quantified. Additionally, since Miller et al.’s
paper was released recently, it is also important to see if other authors come to the
same conclusions with regards to the effect of firn aquifers on sea level rise. Whether
or not firn aquifers buffer against sea level rise is essential to understanding of the
impacts of these features. Another limitation of this paper is that only one new input
(surface porosity) was varied and examined. However, there are other inputs to the
model that could be varied to determine if they have a large impact on perennial firn
aquifer formation. Future work could involve testing all inputs to determine which,
if any, have large impacts on firn temperature outputs. Lastly, as was shown in the
plots of Miller et al. data and Meyer and Hewitt’s model outputs, the model does not
accurately produce the sharp transition between winter and summer that occurs in
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the data. This is something that should be improved upon in future work, potentially
by trying different models for meltwater percolation in firn and determining which
behaves most similar to the data, as has been done in previous papers.
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Conclusions
The work done in this thesis builds on the current understanding of how perennial
firn aquifers are formed, both now and into the future. The results of the first exploration of different surface energy forcing and accumulation inputs reveal that the
future of firn aquifers is extremely dependent on what these inputs are. As our climate
changes, it will be important to know where we are headed on the plot, since this will
dictate the likelihood of firn aquifer formation. As surface energy flux increases, the
likelihood of firn aquifer formation will decrease due to too much meltwater causing
refreezing and clogging of the firn. After a certain point surface energy forcing input,
no aquifers can be formed regardless of the accumulation input. However, if accumulation increases in the future, this will cause firn aquifer formation to increase,
potentially reducing the negative impact that the increasing surface energy flux will
produce. Additionally, the examination of the impact of surface porosity revealed
that it is not a very important factor in future firn aquifer formation, especially because only small changes in porosity are predicted to occur in the future. Lastly, this
paper reveals that Meyer and Hewitt’s model closely replicates the data from Miller
et al.’s observations on the Greenland ice sheet, confirming the relevance of Meyer
and Hewitt’s model. In the future, this model could be slightly modified to improve
its modeling of the transition from winter to summer. After this change, the model
could be utilized to predict locations that have firn aquifers now and in the future.
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